The enveloped mycoplasmavirus MV-L2 and its host Acholeplasma laidlawii JAl were used to study the ways in which changes in the membrane lipid bilayer affect virus adsorption. The physical state of the membranes was altered by (i) using viruses and bacteria with different membrane lipid acyl-chain compositions, (ii) using incorporation of cholesterol, and (iii) changing the temperature. Adsorption of viruses was strongly dependent on the acyl-chain composition of the virus and the host. Adsorption to homologous hosts was poor, whereas adsorption to hosts with highly different membrane lipid acyl-chain composition was much stronger. We found a heterogeneity within virus populations produced from hosts with different acyl-chain compositions. In a given virus population, various subpopulations differing in acyl-chain composition were found that differed in their ability to adsorb to cells with a specific acyl-chain composition. The adsorption rate increased slightly when cholesterol was present in the viral membranes but decreased considerably when cholesterol was present in the bacterial membranes. The rate of adsorption was temperature dependent with an increase in adsorption rate above 20°C (for hosts with equal amounts of palmitoyl and oleoyl acyl chains). MV-L2 did not adsorb to the persistently L2-infected strain JA1(2R) but adsorbed very well to the virus-resistant strain A(EF22). The physicochemical properties of the lipid matrix of both virus and host are obviously important factors in the adsorption process.
The enveloped mycoplasmavirus MV-L2 and its host Acholeplasma laidlawii JAl were used to study the ways in which changes in the membrane lipid bilayer affect virus adsorption. The physical state of the membranes was altered by (i) using viruses and bacteria with different membrane lipid acyl-chain compositions, (ii) using incorporation of cholesterol, and (iii) changing the temperature. Adsorption of viruses was strongly dependent on the acyl-chain composition of the virus and the host. Adsorption to homologous hosts was poor, whereas adsorption to hosts with highly different membrane lipid acyl-chain composition was much stronger. We found a heterogeneity within virus populations produced from hosts with different acyl-chain compositions. In a given virus population, various subpopulations differing in acyl-chain composition were found that differed in their ability to adsorb to cells with a specific acyl-chain composition. The adsorption rate increased slightly when cholesterol was present in the viral membranes but decreased considerably when cholesterol was present in the bacterial membranes. The rate of adsorption was temperature dependent with an increase in adsorption rate above 20°C (for hosts with equal amounts of palmitoyl and oleoyl acyl chains). did not adsorb to the persistently L2-infected strain JA1(2R) but adsorbed very well to the virus-resistant strain A(EF22). The physicochemical properties of the lipid matrix of both virus and host are obviously important factors in the adsorption process.
Mycoplasmavirus MV-L2 is a membrane-enveloped virus with circular double-stranded DNA. It is unique because it appears to have no capsid. The surrounding membrane envelope is derived by budding from the host cell membrane (see references 21 and 22 for reviews).
MV-L2 and its host Acholeplasma laidlawii offer unique possibilities for studies for virus-host interactions. A. Iaidlawii belongs to the bacterial class Mollicutes in the new division Tenericutes (27) . The main characteristic of these bacteria is the lack of a cell wall. Under high-purity conditions, A. laidlawii will not synthesize any fatty acids (7) , which are necessary for the synthesis of membrane lipids. The acyl-chain composition of the membrane lipids can be controlled experimentally by adding suitable fatty acids to the growth medium. Since the virus particles are budding from the host cell membrane, their acyl-chain content is determined by the host (20, 25) . It is therefore possible to study the ways in which changes in membrane lipid composition of the virus and host affect virus-host interactions, e.g., adsorption, penetration, and virus production.
The importance of membrane lipid composition of host cells and viruses for infectivity is not very well known. Studies have been undertaken with animal viruses (15, 16) , but cell cultures of different origin had to be used. We have shown that different strains of A. laidlawii, susceptible and resistant to MV-L2 attack, differ in their membrane lipid composition (32) . In another study, A. laidlawii JAl was used to produce cells and viruses with different lipid acylchain composition. The acyl-chain composition and presence of cholesterol had a marked influence on the production of MV-L2 (31) .
The first step in the interactions between a virus and its host is the adsorption of the virion to the host surface. The kinetics of attachment are usually described as a pseudofirst-order reaction (3, 19, 33) . Such kinetics of adsorption of MV-L2 to A. laidlawii were described previously (1, 17, 26) . Liss and Heiland studied the adsorption of MV-L2 to three different strains of A. laidlawii and found that viruses produced from one strain differed in their ability to adsorb to the other strains: adsorption was always faster to the homologous strain (17) . However, these strains differ in lipid composition when grown under identical conditions (31) . In the present study, we used one strain of A. laidlawii and viruses produced from this strain. We systematically investigated the ways in which the acyl-chain compositions of the membrane lipids in virus and host affect virus adsorption. Some other factors that affect the physical state of the membrane, e.g., temperature and the presence of cholesterol, were also studied.
MATERIALS AND METHODS
Cells and viruses. A. laidlawii JAl (18) was used to produce MV-L2 viruses with different fatty acyl chains (31) and with cholesterol in the viral membranes. Strain JAl was also used in all adsorption experiments but two, in which strains JA1(2R) (32) and A(EF22) (37) were used.
Growth conditions. The growth medium contained tryptose (Difco Laboratories), 20 g/liter; bovine serum albumin (Sigma Chemical Co., Cohn V fraction), 4 g/liter; glucose, 7 g/liter; NaCl, 5 g/liter; Tris, 5 g/liter; and penicillin G 100,000, IU/liter. The tryptose and bovine serum albumin were thoroughly lipid depleted (7) . Fatty acid supplements were as follows: 120 ,uM palmitic acid plus 30 ,uM oleic acid (-20) , 75 ,uM palmitic acid plus 75 ,uM oleic acid (-50), 30 ,uM palmitic acid plus 120 ,uM oleic acid (-80), and 150 p.M oleic acid (-100 (31) . All viruses were produced at 37°C.
Lipid analysis. A. laidlawii membranes were prepared by osmotic lysis (28) . Membrane lipids were extracted by the method described by Bligh and Dyer (4) and purified further by Sephadex chromatography (35) . The acyl-chain contents were analyzed by gas chromatography as described previously (29) .
Adsorption protocol. A small volume (0.1 to 0.2 ml) of radioactive viruses was added to S ml of A. laidlawii culture in late-log phase. Samples of 500 were withdrawn after 5, 10, 15, 20, 30, 60 , and 90 min. The samples were centrifuged through 1 ml of silicone oil, 55% AR200 + 45% AR20 (wt/wt) (Wacker-Chemie GmbH, Munich), in a Beckman Microfuge B (3 min at 8,730 x g and 5°C) (8) To test for reversibility in the adsorption step, we used an initial bacterial volume of 10 ml. After 30 min of adsorption, S ml was removed and centrifuged at 31,000 x g for 10 min.
The pellet was resuspended in 5 ml of fresh medium and incubated further; samples were taken after 40, 50, 60, and 90 min. The standard adsorption protocol was followed for the remaining 5 ml.
To study the effect of cholesterol on virus adsorption, we grew A. laidlawii JAl cells in media with different fatty acid supplements plus 20 F.M cholesterol. MV-L2 viruses were produced from these hosts.
Adsorption experiments at different temperatures were done in the following manner. The culture was infected with MV-L2 and divided into portions of 5 ml, and the tubes were immediately placed in water baths at the following temper- pLM oleic acid, and MV-L2 produced in this host). The initial rate of adsorption, as well as the fraction of viruses finally adsorbed, was different for different combinations of acyl chains in virus and host (see below). First-order kinetics were found only initially; a second phase with a lower rate was found in almost all experiments. With some virus-host combinations, there was a considerable difference in adsorption depending on whether total lipids were used to calculate the adsorption or [3H]palmitoyl or [14C]oleoyl acyl-chain content alone were used. In Fig. 1 , the rate constants (k) are viruses had desorbed after 1 h. This is sufficient to explain part of the deviation from linearity, but not all. A second reason seems to be heterogeneity within the virus population. For L2-20 and JA1-20, adsorption was much faster when calculated from oleoyl chains than from total lipids or palmitoyl chains (Fig. 1) Fig. 1 .) The grey bars in Fig. 3 and JAl-100. Both L2-20 on JA1-20 and L2-100 on JAl-100 showed poor adsorption. In most combinations, there was a considerable difference between adsorption of viruses as calculated from palmitoyl chains (bars to the left of the grey bars) and from oleoyl chains (bars to the right). It can also be seen that the proportions changed for each virus depending on the host; e.g., when a virus adsorbed to JA1-20, the fast-adsorbing virus population contained oleoyl chains. However, this changed gradually, and the virus population containing palmitoyl chains adsorbed fastest on JA1-80 and JAl-100.
Effect of cholesterol. Considering the effects of acyl-chain composition on virus adsorption, it was of interest to study the influence of other factors that affect the physical state of the membrane lipids. Cholesterol has several effects on the packing properties of membrane lipids; e.g., it modifies the phase transition temperature from La to HI, (reversed hexagonal phase) (14) ; it also modifies the dynamics of the acyl chains in the Lc. phase (12) . We chose to measure the adsorption of MV-L2 with a membrane of high Tm (L2-20) to bacterial cells with a membrane of lower Tm (JA1-80) (Fig.   4 ). L2-20 adsorbed rapidly to JA1-80 (k = 2.0 x 10-11 cm3/min). L2-20 with cholesterol showed a small increase in adsorption rate constant (k = 2.7 x 10-11 cm3/min). When cholesterol was present in the bacterial membranes alone or in both viral and bacterial membranes, the adsorption was reduced considerably: only 7.8% (JAl with cholesterol) and 8.8% (JAl with cholesterol and L2-20 with cholesterol) had adsorbed after 30 min. The rate constants were reduced to 1.2 x 10-11 and 0.9 x 10-11 cm3/min, respectively. This experiment was also done with L2-50 and JAl-50. The results were similar, but the effect of cholesterol in the bacterial membranes was not so dramatic (data not shown).
Effect of temperature. The fatty-acyl-chain composition of the membrane lipids affects the gel-to-liquid-crystal phase transition temperature of a cell membrane and may influence the availability, lateral mobility, etc., of the virus receptors. For that reason, the temperature dependence of the adsorption rate was investigated. Adsorption to JAl-50 was very low at temperatures below 20°C and increased with increasing temperature (Fig. 5) . A sharp increase of adsorption rate constants was found around 20°C (Fig. 5 inset) . Adsorption to other A. laidlawii strains. Several strains of A. laidlawii are unable to allow propagation of MV-L2 (32) . To see whether this is due to an inability to adsorb to the cell surface, we tested two strains. Mycoplasmavirus MV-L2 produced in JAl adsorbed very well to strain A(EF22) (Fig.  6 ) (k = 4.2 x 10-11 cm3/min). However, it cannot be propagated in this strain (32) .
We also performed adsorption experiments with the MV-L2-resistant strain JA1(2R). This strain was isolated from an MV-L2 plaque and is persistently infected with MV-L2 (32). MV-L2 (produced in JA1) did not adsorb to JA1(2R) (Fig. 6 ). This strain reaches ca. 7 x 108 CFU/ml in 48 h, and the experiment was also done with a concentrated suspension (2.2 x 109 CFU/ml; MOI, 0.081) because, in an earlier experiment with low titers of JAl (<1.7 x 107 CFU/ml), MV-L2 failed to adsorb (data not shown). However, no adsorption to the concentrated JA1(2R) was found either (data not shown).
DISCUSSION
The structures involved in virus attachment are defined by Lonberg-Holm as "virus attachment protein(s) (VAP), virion structure(s) which can recognize a cellular receptor; cellular receptor unit (CRU), cellular molecules recognizing one VAP; cellular receptor site (CRS), cellular structure containing one or more CRU which can effectively bind one virion" (19) . Three major criteria, which are all fulfilled by the JA1-MV-L2 system, are stated for the definition of the CRS of Lonberg-Holm as receptor sites (3, 33) : saturability (30), specificity (Fig. 6) (1), and competition (2, 30) .
Al-Shammari and Smith found that the receptor for MV-L2 involved lipoglycan and protein (1, 2). Our MV-L2- which is not capable of producing viruses. Obviously, other factors in addition to the presence of a receptor are necessary to establish a successful infection. The presence of a restriction modification system in A. laidlawii may be such a factor (9) . However, the lipid and protein composition of A(EF22) differs from that of JAl, and such differences might affect the ability of MV-L2 to enter the cell by fusion.
The adsorption coefficients reported here are considerably lower than earlier results: 2 x 10-10 (26), 2.2 x 10-10 (1, 2), and 1.6 x 10-1o cm3/min (17) . The difference in adsorption may be explained by the use of different growth media. Our medium does not contain serum, the only fatty acids present are those added by us (apart from the small amounts synthesized by A. laidlawii itself [ Table 1 ]). All our experiments were performed with the same system, however, and under the same conditions. The adsorption coefficients measured in this investigation are therefore comparable.
A departure from first-order kinetics has been reported previously: Al-Shammari and Smith found a break in the adsorption curve after ca. 20 min (2). Our results show that MV-L2 is similar to the tailed acholeplasmavirus MV-L3 in this respect, but the degree of reversibility is greater for MV-L2. Furthermore, we found a heterogeneity in the virus population, which was not found for MV-L3. However, reversibility in adsorption and heterogeneity in virus populations are not sufficient to completely explain the biphasic kinetics.
Of particular interest in our system is the heterogeneity with respect to acyl-chain composition found within the virus populations. An important point is that the same batches of radioactively labeled viruses produced from A. can be separated in several subpopulations (20, 23) . Whether these subpopulations represent viruses with different adsorption properties is unknown.
It is well known that environmental factors affect the virus-cell interaction in a given cellular receptor site-virus attachment protein system. Most investigated are electrostatic interactions, which can be affected by, e.g., ionic strength, pH, and the presence of cations (11, 24, 34) . The binding of MV-L2 to A. laidlawii is strongly inhibited by EDTA (30) . Less well characterized are the effects of lipid composition of adsorption, mainly owing to lack of proper experimental systems in which the acyl-chain compositions can be changed. We have used our ability to control the acyl-chain composition in A. laidlawii to perform experiments in one virus-host system, thus eliminating the complicating factors introduced when different hosts are used. It is obvious from our results that the lipids are very important for the adsorption of MV-L2 to A. laidlawii. The complementarity, in terms of good adsorption between viruses and cells with widely different acyl chains compared with those having similar acyl chains (Fig. 3) , is a strong indication that the properties of the lipids are responsible for the differences. The same batch of cells having a specific acyl-chain composition was tested simultaneously against all the viruses. We can therefore rule out the hypothesis that differences in the physiological state of the cells, or in the number of cellular receptor sites, caused the differences. Furthermore, when different host cell variants were used with one virus, a similar complementary is evident in the behavior of the different virus subpopulations (Fig. 3) .
The effects of cholesterol (Fig. 4) 
